I. INTRODUCTION
The nature of dark matter (DM) remains a mystery. Observational evidence based on its gravitational effects suggests that DM makes up roughly 25% of the cosmic energy density [1] and does not have any significant nongravitational interactions with ordinary matter. This more or less sums up our understanding of DM which is why there are a variety of currently viable ideas for describing it. So far, there is no clear signal of DM, but there are tentative hints in various experiments, both astrophysical and terrestrial. Some astrophysical data [2] may be accommodated by DM models that contain new light vector bosons that mediate dark sector forces with feeble couplings to the visible Standard Model (SM) sector [5] . Of the laboratory signals, some hint at a potential signal for light DM around ∼ 10 GeV [6] [7] [8] [9] , the latest being from the CDMSII-Si data [10] .
Whether any of the aforementioned hints will grow in significance and rise to the level of a clear discovery remains to be seen. Nonetheless, speculative thinking on this subject has led to new models of DM, some of which postulate a dark sector endowed with its own interactions, i.e. "dark forces," characterized by scales near 1 GeV. Many of these models use fermion or scalar DM candidates with an ad-hoc parity to guarantee stability. However, if we use the SM as a guide, the stability of particles is expected to be derived from gauge symmetries, Lorentz symmetry, or accidental symmetries that are a result of the gauge and Lorentz symmetries [11] .
If the dark sector is endowed with a gauge symmetry, it may be possible to assume that DM is made up of dark gauge fields whose mass has been generated by a Higgs mechanism. This possibility arises in cases where, after symmetry breaking, the non-abelian gauge bosons are stable due to residual symmetries, obviating the need for additional fermions or scalars. Such minimal scenarios -which imply "Dark Force = Dark Matter" -have garnered interest recently [12, 13] . However, these models typically rely on a Higgs portal to communicate with the SM and obtain the correct relic abundance 1 . Here we point out that if we augment a non-abelian hidden gauge symmetry with an additional U (1) h , the dark sector and SM can interact via kinetic mixing between the U (1) h gauge boson and the SM hypercharge gauge boson. Such a scenario can also lead to a rich phenomenology in low energy experiments if, as indicated by CDMSII-Si data, the dark sector lives in the mass range < ∼ O(10) GeV. For additional proposals with spin-1 DM candidates originating from other sources see Refs. [35] [36] [37] .
II. THE MODEL
To show the viability of our scenario, we focus on the minimal higgsed gauge group with a non-abelian symmetry and kinetic mixing with the SM. That is, we will assume a hidden gauge group SU (2) h × U (1) h (i.e. a gauge group that the SM is uncharged under). The hidden gauge symmetries are broken in close analogy with the electroweak symmetry of the SM. In particular, we will assume a hidden Higgs doublet Φ h of SU (2) h with charge 1/2 under U (1) h , leading to massive hidden vectors W ± h by developing a non-zero vacuum expectation
In order to break the remaining U (1), thereby giving mass to the "hidden" photon, we also introduce a complex scalar φ h with charge 1/2 only under U (1) h and φ h = v φ / √ 2. In the following, g h and g ′ h will denote the SU (2) h and U (1) h gauge couplings, respectively.
We have
where X µν = ∂ µ X ν − ∂ ν X µ , and B µ is the SM hypercharge gauge field. For simplicity we assume that kinetic mixing is the only portal between the dark sector and the SM, and ignore possible mixing in the Higgs sector. Upon diagonalization of the kinetic terms in the usual way (see for example Ref. [34] and the Appendix), one finds that the two massive vectors, γ h and Z h , couple to the visible electromagnetic current J µ em according to
where e is the SM electromagnetic coupling.
III. RELIC DENSITY
For W h to be viable as a dark matter candidate, it needs to be cosmologically stable, have the correct relic density Ω DM , and not ruled out by direct or indirect searches. With the above assumptions about the hidden sector, the W h vectors are stable particles and will not decay. This is due to a remnant Z 2 that persists after
Leading annihilation process within the set of simplifying assumptions in the text. There is also a third annihilation diagram that is obtained from the left one by a crossing.
SU (2) h ×U (1) h breaking in this scenario 2 . To answer the other questions, we need to calculate the thermally averaged annihilation cross section σ ann v rel , with v rel the relative velocity, and the elastic scattering cross section σ el from nucleons, which in our case only include protons.
For simplicity of our treatment, while maintaining the key aspects of the model, we will henceforth as-
where M Φ is the mass of Φ. Then, the dominant process that would set the relic density of W h is W h W h → γ h γ h , given by the Feynman diagrams in Fig. 1 . The s-channel annihilation through Φ is suppressed by the small Φγ h γ h coupling which is proportional to η 4 . This suppression does not apply to φγ h γ h coupling and one has to consider the effect of Φ-φ mixing in the s-channel diagram. The scalar mixing will come from a term λ m φ † φΦ † Φ. For a perturbative self-coupling of φ, we then expect µ φ < ∼ v φ , where µ φ is the mass parameter in the φ potential. Hence, unless µ φ is set by a tuned cancellation, we must assume
Thus, Φ-φ mixing is typically suppressed by η 2 . These processes are governed by the W h W h γ h and W h W h γ h γ h vertices whose Lorentz structure is identical to the familiar analogues in the SM. However, the overall coupling here is set by g h sin θ h . We find that the thermally averaged annihilation cross section is well approximated by
where the mass of γ h has been ignored. More detailed results, including the p-wave contributions, are given in the Appendix and are used to obtain our numerical results presented below. The relic density of W h is given by [42] Ω h h 2 ≃ 1.04 × 10 where g ⋆ is the number of relativistic degrees of freedom at the time of freeze-out and M Pl ≃ 1.22 × 10 19 GeV is the Planck mass. The quantity x f = M W h /T f , with T f the freeze-out temperature, is given by [42] 
where κ = 3 for a massive vector boson. The insertion of σ ann v rel in Eqs. (9) and (10) 
where the p-wave expansion and x f ≃ 20 has been used. The two solutions are due to the different counting of degrees of freedom below and above the QCD phase transition, which we assume to occur at Λ QCD ≃ 200 MeV. For freeze-out temperatures below the QCD phase transition we use g ⋆ = 13.75 accounting for the neutrinos, electron, photon, and γ h ; for freeze-out temperatures above the QCD phase transition we additionally include the muon, gluons, and u, d, s quarks in the counting and find g ⋆ = 64.75. While the inclusion of γ h in g ⋆ depends critically on M γ h and charm quarks (muons) should be included for
, we find that these considerations only make ∼ 5% corrections in our determination of (g h sin θ h ) 2 . Hence, for simplicity we neglect these effects in the numerical results that follow.
An implicit assumption in the above derivation was that dark matter initially starts in thermal equilibrium before freeze-out . For consistency, we would then require that the hidden photon γ h decay rate Γ γ h into SM final states is large enough to keep up with the expansion of the Universe at T = T f [42] . Assuming M γ h < ∼ 1 GeV, the decay rate is
, and the sum is over fermions, F , with masses 2 M F ≤ M γ h , charges Q F , and colors N C = 1 for leptons and N C = 3 for quarks. The inequality is obtained for F ∈ {e, µ, u, d, s}. The expansion rate at freeze-out is set by the Hubble constant H(T f ) = 1.7g librium at T f is satisfied when [42] 
Using this condistion and
which does not give an important limitation on ε cos θ h for scenarios of interest in our work, as we will see later. For M γ h > ∼ MeV, this also means that the γ h lifetime is much shorter than the Hubble time ∼ 1 s associated with Big Bang Nucleosynthesis and γ h decays will not affect primordial nuclear processes.
The scalars in our model are expected to decay promptly. For example, given the assumption M Φ > 2M W h above, Φ decays will be prompt, since they occur at tree-level and are not kinematically suppressed. The same applies to φ decays as long as M φ > ∼ M γ h , since even for one off-shell γ h , we expect a rate of order ε 2 g ′2 h α and for values of ε that would be of interest here these decays will be prompt compared to the relevant cosmological time scales.
IV. DIRECT DETECTION
Another important quantity for a dark matter candidate is its direct detection cross section. In the case of our W h candidate, this is governed by its scattering from protons in the nucleus by exchanging Z h or γ h . Under our assumption M γ h ≪ M Z h , the γ h exchange is the dominant contribution to the scattering process. The elastic scattering cross section from a nucleus N , with atomic number Z, is then given by
is the reduced mass of the system; M N = A m n , A is the mass number, and m n ≃ 938 MeV is the mass of a nucleon n. In the above, terms higher order in dark matter velocity are ignored and nuclear form factors have been set to unity (a good simplifying approximation). The elastic cross section per proton is then given by [43] 
The elastic cross section per nucleon is obtained from Fig. 2 , we have plotted σ p versus M W h , assuming W h is dark matter for various values of ε cos θ h as a function of M γ h . For consistency, we have chosen values of parameters that would yield the correct relic abundance from Eq. (9) for each value of M W h . In this plot, we have also presented various relevant constraints on σ p at 90% confidence level (C.L.) from XENON10 [44] , XENON100 [46] , the combined CDMSII-Si data [10, 47] , and CDMSlite [48] . The dot in the plot marks maximum likelihood point (8.6 GeV, σ n = 1.9 × 10 −41 cm 2 , σ p = 7.6×10 −41 cm 2 ) from the CDMSII-Si data [10] . We note that XENON10 and XENON100 data mildly disfavor this signal. However, there may be considerations that could lead to loosened constraints on this point in the parameter space [49] .
It is amusing to note that a lower bound on M γ h can be obtained by combining an observation of DM at a direct detection experiment and the requirement that γ h remain in thermal equilibrium until T f . Once σ p and M W h are measured, Eq. (16) can be combined with the relic density constraint Eq. (11) to obtain a relation between ε sin θ h and M γ h . This relation can then be used in conjunction with Eq. (14) to obtain a lower bound on M γ h :
. This lower bound was derived using the condition in Eq. (13) which is valid for M γ h < T f [42] . For M W h > ∼ 1 GeV and σ p > ∼ 10 −43 cm 2 , the M γ h lower bound given above is below T f and remains valid.
V. FIXED TARGET AND DARK MATTER BEAM EXPERIMENTS
There has been much interest in searching for new light weakly coupled vector bosons in fixed target and beam dump experiments [14] [15] [16] [17] [18] [19] [20] . In these experiments, when an electron scatters off the target it bremsstrahlungs a light gauge boson, which subsequently decays to a lepton pair. New light vector bosons can also be searched for in low energy e + e − experiments [15, 21] and in meson decays [14, 15, [22] [23] [24] [25] . Such searches typically depend on finding resonances in the resulting dilepton spectrum.
The model presented here contains two vector bosons, γ h and Z h , that couple to the SM electromagnetic current via kinetic mixing as shown in Eq. (7). Under our assumptions that M Z h ≥ 2M W h we expect Z h → W h W h to be the dominant decay channel since the Z h couplings to the SM are suppressed compared to the Z h −W h coupling. However, with our assumptions, the only decay channels available for γ h is into light SM fermions. Hence, only γ h is expected to contribute to dilepton signals significantly.
In Fig. 3 [22] and SINDRUM [23, 24] , φ at KLOE [25] , and Υ at BaBar [14, 15] ), fixed target experiments (MAMI [18] and APEX [19] ), and the electron dipole moment [26, 27] . The green shaded region indicates the parameter region consistent with the muon magnetic moment, g µ − 2, anomaly [28] [29] [30] [31] . We include dashed lines of parameter combinations that are relevant for the direct detection of W h . The sensitivities to the ε cos θ h and M γ h are to be compared to the direct detection experiment sensitivities in Fig. 2 .
In Fig. 4 we show the sensitivity of the future fixed target experiments HPS, DarkLight, APEX, and VEPP3 [32] . For an overview of the HPS, DarkLight, and APEX experiments please see Ref. [33] . We note that the VEPP3 experiment is insensitive to the decay products of the light vector boson. Comparing to Fig. 2 , it can be seen that these future experiments begin to be sensitive to ε cos θ h and M γ h combinations that are relevant to light DM direct searches.
There are also proposals to measure invisibly decaying hidden bosons at fixed target experiments [51, 52] . As before, hidden bosons are produced during interactions between the incident beam and the target. Subsequently, the hidden boson decays produce a beam of DM which then scatters off the nuclei of a detector, similar to direct detection experiments (however, here DM is relativistic). Typically it is assumed that the same hidden boson produces the DM and mediates the scattering off nuclei. However, in the scenario presented here, the dark matter would be produced via Z h and then recoil dominantly via γ h , since this is a t-channel process. We may hence expect the scenario presented here to manifest itself in many distinct experimental scenarios with tightly correlated parameter spaces.
VI. CONCLUSIONS
In this work, we considered a hidden sector gauge symmetry SU (2) h × U (1) h , broken completely by a Higgs doublet of SU (2) h and a Higgs singlet field charged only under U (1) h . Our assumed gauge sector provides a simple setup to illustrate possible effects of non-abelian interactions that may govern the dynamics of DM. The hidden sector was only assumed to interact with the SM indirectly, through kinetic mixing of U (1) h and hypercharge U (1) Y . This setup was shown to yield a good DM candidate, corresponding to hidden non-abelian gauge fields, removing the need to assume extra fermions or scalars for DM. The stability of DM is guaranteed by a Z 2 remnant of the original gauge symmetry. Hence, in this framework DM is a manifestation of hidden or dark forces of Nature. Our model can readily lead to the correct relic density and an allowed direct detection cross section. In particular, the model can accommodate the recent tentative signal from CDMSII-Si [10] corresponding to DM masses ∼ 10 GeV.
Since our framework has an expanded hidden gauge sector, compared to models where only a dark U (1) is assumed, we find that the hidden and the SM sectors interact via exchange of two distinct vectors bosons. These vector bosons are coupled to the electromagnetic current of the SM with a suppressed coupling governed by the degree of kinetic mixing. Typically, one would then expect signals corresponding to two different resonances that are often called "dark photons" in the U (1) models. Therefore, for light DM, the well-studied phenomenology of dark photons at low energies can be relevant to our model.
We also note that the two dark photons that arise in our model can be naturally hierarchic in mass and the heavier vector can in principle decay to vector DM. This process is mediated by an analogue of the SM ZW + W − vertex, where DM is the hidden counter part to W ± . In this case, the heavy vector is mainly invisible, since it would dominantly decay into DM, given its suppressed dark-photon-like coupling to the SM sector. Hence, our model can lead to "dark matter beam" signals in fixed target experiments that have been proposed in the context of U (1) models. In the typical DM beam scenario, the same vector that produces the DM is also responsible for DM scattering in the detector. In our setup, the DM is produced via the decay of the heavy vector while the detection is dominated by the exchange of the light vector. Thus, here the production and detection of the DM beam are mediated by two different vectors, the lighter of which is expected to have mainly visible decay modes.
We note that the light vectors of the hidden dynamics in our model may contribute to novel rare Higgs decay signals [54] . Also, present day annihilation of W h in the galactic halo may lead to potential GeV scale indirect detection signals. The totality of the signals available in this framework can in principle be used to discern the hidden gauge sector and its pattern of symmetry breaking, and potentially lead to the conclusion that "Dark Force = Dark Matter." The dark sector consists of two "charged" gauge bosons W ± h , and two "neutral" gauge bosons W 
In the (B h , W 3 h ) basis, the "neutral" mass matrix is
The above matrix is then diagonalized via the transformation , respectively, such that
In analogy with the SM weak mixing angle, we introduce a new angle completely determined by the hidden sector gauge couplings
The mass matrix in Eq. (A2) can then be written in the somewhat simpler form
where, again, η = v φ /v Φ is the ratio of the hidden sector Higgs vevs. The masses for γ 0 h and Z 0 h can then be expressed as
The mixing angle θ h can be solved for and we get
Since we have already assumed
, the positivity of cos 2 θ h enforces the hierarchy M W h ≥ M γ 0 h . Similarly, the positivity of sin 2 θ h can be used to show
An interesting limit to look at is η ≪ 1. From Eq. (A5), it is clear that the effect of the singlet Higgs φ is a mild perturbation in the usual SM neutral vector boson mass matrix. Explicitly, we find
As expected, this is the same as the SM result plus small perturbations in η. In the limit η → 0 the SM mass relations are exactly reproduced.
A.2. Kinetic Mixing
Now we consider the effects of kinetic mixing:
(A12) The kinetic terms is diagonalized via the shiftŝ
where B µ is now identified as the SM hypercharge and B h is identified as the U (1) h gauge boson.
The transformation ofB h does not involve B and so does not introduce any SM fields into the hidden sector covariant derivative. However, the transformation of B does introduce B h into the SM covariant derivative. Hence, all induced mass mixing comes from the SM Higgs vev and not the hidden sector. Specifically, after diagonalizing the kinetic term, the SM covariant derivative is
where Y is the SM hypercharge operator, T 3 is the SM isospin operator, τ ± are the charged current operators, and g and g ′ are the SU (2) and U (1) Y SM gauge couplings, respectively. The parameter
has been introduced to simplify notation. Performing the usual SM rotation B µ = cos θ W A µ − sin θ WẐ 0 µ and W 
where e and Q = T 3 + Y are the usual electromagnetic charge and operator; g Z = e/(sin θ W cos θ W ) and 
where
To leading order in ε, the 3 × 3 mass matrix can be diagonalized with the transformations
where γ h , Z h and Z 0 are the mass eigenstates with masses
respectively. We have kept to O(ε 2 ) since this is the lowest order of ε in Eqs. (A22-A24). Using these masses we see that Eq. (5) is valid to O(ε 2 ). Finally, the interactions between the gauge bosons with fermions and scalars are governed by the covariant derivative. Applying the final transformation to the mass eigenstate, to O(ε 2 ) the SM covariant derivative is
The interactions between γ h (Z h ) and the SM neutral current is suppressed by an additional factor of µ
). We also note that the transformations in Eqs. (A19,A20) will induce couplings between the SM Z 0 and the dark sector currents. However, these currents are suppressed by ε and not expected to make significant contribution to the electroweak precision observables.
Appendix B: Relic Density Calculation
For the reference of the reader, we briefly review the calculation of relic density and obtain a general formula.
B.1. Thermally averaged cross section
The calculation of the thermally averaged cross section follows Ref. [53] . The general annihilation process
is considered, where χ is a DM candidate and X is some final state that may be multi-particle. The usual annihilation cross section is then
where v rel is the relative speed of the DM particles, |M| 2 is the spin summed and averaged matrix element squared, and dP S X is the final state phase space. The thermally averaged cross section is evaluated by performing a weighted integral over the possible initial state momentum configurations
where f (E) is the energy distribution of particle χ, κ is the number of internal degrees of freedom of χ, and n eq = κ/(2π) 3 d 3 pf (E) is the equilibrium density. In general, σ ann v rel is dependent upon the reference frame in which it is evaluated. Following Ref. [53] , it is useful to introduce the Lorentz invariant quantity
After integration over final state phase space, the function w can only depend on the particle masses and s = (p 1 + p 2 ) 2 . Hence, w can be evaluated in a specific frame and then generalized to an arbitrary frame with the identification:
where θ 12 is the angle between the initial state momenta. We are interested in temperatures such that x = M χ /T ≫ 1 and will express the final result as an expansion in 1/x. In this limit, the energy distributions are well approximated by the Boltzmann distribution f (E) = exp(−E/T ). The integrals in Eq. (B3) are simplified by the change of variables
for i = 1, 2. Using these variables, we can solve for
Hence, an expansion in 1/x can be obtained by expanding w(s) around s = 4M 2 χ and the rest of the integrand around 1/x. The final result is
where w ′ = ∂w/∂z. The O(x 0 ) term is typically referred to as the s-wave and the O(x −1 ) as the p-wave.
For completeness, we provide the full result of the thermally averaged cross section for W h W h → γ h γ h , as shown in Fig. 1 , up to the p-wave expansion: where
a. Velocity Expansion
The above result has been explicitly constructed as an expansion of the thermal integral and w in the variables x = M χ /T and z = s/4M 2 χ . Often one expands of the annihilation cross section in terms of the relative velocity
Using the relation for the relative velocity
B11) the thermally averaged cross section is then
where v 1,2 are the velocities of the initial state particles, and we have used the thermodynamic relation v
The advantage of using Eq. (B8) to calculate the thermally averaged cross section is that w is Lorentz invariant and is expanded in terms of a Lorentz invariant quantity. Hence, there are no frame-dependent ambiguities in calculating σ ann v rel . However, obtaining the usual result in Eq. (B12) from Eq. (B8) is not completely transparent. To illustrate how this is accomplished and that the two are equivalent, we now derive Eq. (B12) from Eq. (B8).
First rewrite w ′ in Eq. (B8) as a derivative with respect to v 2 rel . Since w is Lorentz invariant, this operation can performed in the center of momentum frame:
where v i is the magnitude of the vector v i . Hence, evaluating w and its derivatives at v rel = 0 is equivalent to z = 1.
For ease of notation, the velocity expansion of w is expressed as
where α and β are constants. The thermally averaged cross section is then
To obtain Eq. (B12), α and β need to be determined in terms of a, b. Since σ ann v rel is not Lorentz invariant, we perform this in an arbitrary frame. That is we use the relative velocity in Eq. (B11) and the relation w(s) = E 1 E 2 σ ann v rel .
Expanding both sides to O(v 
Using these results and Eq. (B8), we obtain the wellknown result in Eq. (B12).
B.2. Relic Density
The relic density of a particle χ is typically given in terms of the variable Ω = ρ(0)/ρ crit , where ρ(0) is the present energy density of particle χ. The critical density is ρ crit = 3H 2 (0)/8πG with G being Newton's constant, H(T ) =Ṙ/R the expansion rate of the universe, and R the cosmic scale factor. Since the relic χ is massive, at present day x ≫ 1 and the energy density is ρ(0) = M χ n(0), where n(T ) is the number density at temperature T . Hence, the number density needs to be solved for. The details of this derivation are well-known and can, for example, be found in Refs. [42, 53] .
The number density, n, of particle χ obeys the Boltzmann equation
Using well-known methods [42, 53] , this differential equation can be simplified to
where Y = n/s and s is the entropy density. To evaluate n(0), late times x ≫ 1 need to be considered. After freeze-out, the number density n is stable while the equilibrium number density n eq continues to decrease as the photon temperature continues to drop. Hence we have Y ≫ Y eq and the differential equation simplifies to
To solve this equation we expand the thermally averaged cross section
Furthermore, the effective degrees of freedom are introduced
and the solution for H in Robertson-Walker metric is used: Pl have been used, and the present day entropy density is s(0) = 2889.2 cm −3 [41] . To a good approximation, at freezeout g ⋆ ≃ g ⋆S and we use this in the numerical solutions presented in the text.
